INTRODUCTION
Adenine nucleotides can be released into the coronary microvasculature from hypoxic or ischaemic myocytes, endothelial cells, damaged blood vessels or aggregating platelets [1] . In the cardiovascular system, extracellular ATP, ADP and adenosine have potent, but often differential, effects. The vasodilator action of ATP and ADP is usually mediated by P2Y receptors on endothelial cells coupled to the production of nitric oxide, whereas adenosine, which also produces vasodilatation, does so by acting directly on adenosine A2 receptors on smooth-muscle cells. However, on endothelium-denuded vessels, ATP and ADP produce vasoconstriction by acting on P2X receptors on smoothmuscle cells [1] . AMP is essentially inactive [2, 3] .
Rapid catabolism of ATP occurs on passage through the coronary bed [4] [5] [6] , and this catabolism is believed to be due to endothelial ectonucleotidases. ATPase, ADPase and 5'-nucleotidase, ectoenzymic activities capable ofhydrolysing ATP sequentially to adenosine, are present on many cell types, including cultured endothelial cells from large vessels [7] , and these serve to terminate the actions of extracellular ATP and ADP. The adenosine formed is then inactivated by cellular uptake. The opposing effects of adenosine acting on Pl-purinoceptors and ATP acting on P2-purinoceptors on the same cell types indicates that adenosine modulates the actions of ATP. Hence the rate of hydrolysis of nucleotides by ectonucleotidases is biologically important.
ADP is a potent inhibitor of 5'-nucleotidase. We have previously found in porcine aortic endothelial and smooth-muscle cells, and also in adult rat ventricular myocytes [8] [9] [10] that, when kinetic parameters were derived from progress of reaction curves [11, 12] , best fits were obtained when feed-forward inhibition of 5'-nucleotidase by ADP was taken into account. We have also found that preferential delivery of AMP from ADPase to 5'-nucleotidase makes the rate of adenosine production more efficient when ADP or ATP is the initial substrate than would be predicted from the bulk-phase concentrations [9, 10] . Thus the adenosine production from ATP or ADP. By contrast, we found no evidence for the preferential delivery of ADP from ATPase to ADPase. Feed-forward inhibition of AMP hydrolysis by ADP and/or ATP also modulated the rate of adenosine production. The properties of the ectonucleotidases on rat heart microvascular cells are such that adenosine is produced at a steady rate over a wide range of ATP concentrations.
rate of adenosine formation appears to be dependent on the balance between feed-forward inhibition and preferential delivery, and this balance is different in the different cell types we have investigated. Ectoenzymes on microvascular endothelial cells are most likely to metabolize any ATP that is released into the coronary microvasculature. Since the extent of phosphorylation of adenine nucleotides can profoundly modify the physiological effects of extracellular nucleotides, in the present study we have extended the characterization ofectonucleotidases to microvascular endothelial cells from the rat heart. pellet was resuspended in M-199 medium containing 10 % foetalcalf serum and 10 % newborn-calf serum, and plated in four 1 %-gelatin-coated T25 flasks. After 3-4 days the flasks containing confluent monolayers of cells were treated with trypsin and plated into eight uncoated six-well plates, which were then confluent again after a further 4 days.
EXPERIMENTAL
Characterizafton of cells Acetylated low-density-lipoprotein uptake Cells were washed and incubated for 4 h at 37°C with acetylated low-density lipoprotein labelled with a fluorescent dye (Dil-Ac-LDL; 10 ,ug/ml; Biogenesis, Bournemouth, U.K.). Human umbilical-vein endothelial cells (HUVEC; prepared as described previously [14] ) were used as positive controls and porcine aortic smooth-muscle cells (PASMC, prepared as described previously by Needham et al. [15] ) were used as negative controls.
Von Willebrand factor expression Cells were washed three times with PBS, fixed and permeabilized in methanol/acetic acid (9: 1, v/v) for 2 min at room temperature. Cells were then washed three times with PBS before being incubated with rabbit anti-(human von Willebrand factor) (Sigma; 1: 320) for 1 h at room temperature. After a further three washes the cells were incubated with the second antibody, fluorescein isothiocyanate (FITC)-labelled swine anti-rabbit IgG (Dakopatts, Denmark; 1: 50) for 30 min at room temperature. HUVEC were used as positive controls.
Lectin cytochemistry
Binding of biotinylated Bandeiraea (Griffonia) simplicifolia Lectin 1 (BS-1 lectin; Isolectin B4; Vector laboratories, Burlingame, CA, U.S.A.) to paraffin sections of rat ventricle was detected as described previously [16] . Monolayers of cultured cells were stained in the same way after being fixed with ice-cold methanol for 45 s.
Smooth-muscle a-actin immunocytochemistry
Cells were washed with PBS and then fixed with ice-cold methanol for 45 s. They were then washed three times with PBS again before being incubated with monoclonal anti-(smooth-muscle aactin) mouse ascites fluid (Sigma; 1:50) for 60 min. After a further three washes, the cells were incubated with the second antibody, namely FITC-conjugated rabbit anti-mouse IgG (Dakopatts; 1:50) for 30 min. PASMC were used as positive controls and HUVEC as negative controls.
Cytokeratin immunocytochemistry
The possibility that the endothelial-cell preparation was contaminated by mesothelial cells was investigated by immunofluorescence staining using mouse monoclonal antibodies directed against human cytokeratins 10, 17 
Prostacyclin production
Confluent cell monolayers in six-well plates were rinsed with Hepes-buffered Dulbecco's Modified Eagle's Medium and incubated in 1.2 ml of the same buffer. For estimates of basal values of prostaglandin release, 0.2 ml samples were removed at 5 min and 30 min. Agonists (0.2 ml) were then added and the medium removed 5 min later to estimate stimulated release. Prostacyclin was detected as its stable hydrolysis product, 6-oxoprostaglandin Fla, by radioimmunoassay [17] .
Cell viability
Cellular integrity was estimated in initial experiments by measuring the release of lactate dehydrogenase activity in the supernatant medium and comparing it with the total enzyme activity in cells lysed with 10 mM Tes/NaOH, pH 7, containing 0.1 % Triton X-100 [18] . At least 95 % of the cells remained intact after incubation at 37°C for 60 min on an orbital shaker.
Incubations
Cells were preincubated for 30 min with 10 ,uM dipyridamole unless otherwise stated. They were then rinsed three times with Krebs/Hepes buffer composed of 125 mM NaCl, 2.6 mM KCI, 1.2 mM KH2PO4, 1.2 mM MgSO4, 10 mM Hepes, 1 mM CaCl2 and 0.2% BSA, pH 7.4, equilibrated with air, and placed in 0.9 ml of the same buffer at 37°C on an orbital shaker (1.5 orbits/s). Incubations were started by adding buffer (100,I) containing unlabelled nucleotide, and 0. and dipyridamole. The distribution of radiolabel in each tracer used as the substrate (e.g. the amount of label associated with ATP, ADP and AMP in the nominal ATP tracer) was determined and an unlabelled nucleotide mixture was prepared to match [10] . Subsamples (40 ,s1) of the incubation mixture were removed at timed intervals and, for TLC, added to 10 1d of unlabelled carrier (5 mM each of ATP, ADP, AMP, IMP, adenosine, inosine and hypoxanthine). Incorporation of adenosine into cellular nucleotides was measured as described previously [19] .
Nucleotide and nucleoside analysis
In most experiments, catabolism of[3H]nucleotides was measured by TLC of the subsamples. Aliquots (20 1,) of the subsamples were spotted on to silica-gel-coated glass plates, and nucleotides were separated as described previously [20] . Radioactivity in each lane was monitored directly with a Berthold LB2842 linear analyser [6] . In some experiments, only unlabelled substrate was used and nucleotide analysis was performed by HPLC as previously described [8] .
Kinetic analysis
The algorithms and programs used are described in detail elsewhere [11, 12] . It was assumed that each reaction for the pathway ATP -+ ADP -+ AMP -. adenosine is catalysed by one kinetically distinct ectonucleotidase and that all reactions occur in the same kinetic compartment, having access to all the substrates and products. Initial concentrations of all substrates and test values for the kinetic parameters are specified, and the time course of the reaction is simulated by numerical integrations over a succession of short intervals. Predicted time courses were compared with data sets, and kinetic parameters were altered until a good fit was obtained between simulated and observed time courses, thus providing estimates of apparent kinetic constants.
RESULTS

Cell characterization
Piper et al. [13] have previously characterized endothelial cells prepared from rat heart by the methods used here, by their characteristic 'cobblestone' morphology, weakly positive expression of von Willebrand factor, ability to take up acetylated low-density lipoprotein, and lack of expression of smooth-muscle a-actin. We confirmed these findings, and additionally observed positive binding of BS-l lectin in endothelial cells of rat ventricular tissue and in the cultured cells, and no detectable expression of cytokeratins (results not shown). We also detected prostacyclin synthesis: basal release of 55 + 46 pg/min/bI6 cells (mean+ S.E.M., n = 5) was increased by the calcium ionophore A23187 ( Table 1 ).
a decrease in adenosine production and an increase in accumulation of AMP (results not shown).
Feed-forward Inhibition of 5'-nucleotidase by ATP and ADP As the initial concentration of ATP presented to the microvascular endothelial cells was increased (270-590 ,uM), the rate of appearance of the subsequent metabolite ADP also increased ( Figure 3 ). ADP was metabolized slowly, accounting for nearly 600% of the products formed 30 min after 270 ,M ATP was added (n = 3). The rate of appearance of AMP also increased, but the rate of conversion of AMP into adenosine remained constant as the ATP concentration was increased from 270 ,uM to 590 ,uM ( Figure 3) . By contrast, when AMP was the initial substrate, adenosine was produced rapidly and the reaction was complete within 20 min even with initial AMP concentrations as high as 500 ,uM ( Figure 4 ).
Data analysis by modelling progress of reacfton curves
The kinetic parameters were estimated from progress of reaction curves. In seven out of the eight experiments, even at high initial substrate concentrations, the reaction followed pseudo-firstorder kinetics, suggesting that hydrolysis is rate-limited by the supply of substrate from the bulk phase. The apparent values of Km for the ATPase were thus too high to be estimated accurately (Table 1) , similarly to our findings with adult rat ventricular myocytes [10] . This effect was less apparent in the hydrolysis of ADP or AMP. Concentrations of substrates produced in the microenvironment of an enzyme can be significantly greater than the observed concentrations in the bulk phase. In this case the 
DISCUSSION
The rat heart microvascular cells that we have prepared using the method of Piper et al. [13] appear to be similar to those cells prepared by other workers using different methods of cell isolation [22, 23] , and we have provided further characterization of the cells (positive BS-1 lectin binding, prostacyclin synthesis and lack of expression of cytokeratins). The last property distinguishes these cells from mesothelial cells [24, 25] . ATP pyrophosphohydrolase activity has been detected in perfusion studies of guinea-pig [26] and rat hearts [6] . Low activity was observed on pig aortic endothelial cells [27] , and the enzyme was not detectable on pig aortic smooth-muscle cells [28] or rat ventricular myocytes [10] . We have shown here that rat heart coronary endothelial cells have ectonucleotidase activities capable of hydrolysing ATP, ADP and AMP. Hydrolysis of AMP was inhibited by specific 5'-nucleotidase antiserum or the non-hydrolysable ADP analogue p[CH2]pA. When ATP or ADP was the initial substrate, very little AMP accumulated. However, when 5'-nucleotidase was inhibited, AMP accumulated and adenosine formation was inhibited, demonstrating that nucleotide catabolism to adenosine involves 5'-nucleotidase. In the present study, direct conversion of ATP into AMP did not occur to any significant extent. When ATP was catabolized by the cells, ADP was formed immediately, whereas AMP was only formed after a time lag (Figure la) . Thus the pattern of hydrolysis of ATP, ADP and AMP indicates the presence of three enzymic activities: ecto-ATPase, ecto-ADPase and ecto-5'-nucleotidase.
Since the extent of phosphorylation can profoundly modify the physiological effects of extracellular adenine nucleotides, we hypothesized that the time course of their hydrolysis would be regulated and that the pattern of their hydrolysis might differ in different cell types. We have now examined in detail the time course of the extracellular hydrolysis sequence ATP -* ADP -. AMP -. adenosine in four different cell types, namely rat microvascular endothelial cells (the present study), porcine aortic endothelial and smooth-muscle cells [8, 9] and adult rat ventricular myocytes [10] . One of the main conclusions from our studies is that these cell types differ markedly in the rate at which they produce adenosine from ATP or ADP. This rate is determined by the balance between feed-forward inhibition of 5'-nucleotidase by ADP (and/or ATP) and preferential delivery of AMP from ADPase to 5'-nucleotidase. It remains to be determined whether some of the differences that we have observed can be attributed to species differences or whether they are cell-specific.
In all four cell types we find kinetic evidence that feed-forward inhibition of 5'-nucleotidase decreases the efficiency of adenosine production from ATP and ADP. In contrast, the counterbalancing effect of preferential delivery of locally produced AMP, likely to occur when the enzymes are located in close proximity, is different in each cell type. This is reflected in the extent to which the production of adenosine is more efficient when ADP or ATP is the initial substrate than is predicted from the observed bulk-phase AMP concentrations, and is pictorially represented in Scheme 1. Porcine aortic smoothmuscle and endothelial cells [8, 9] , which have similar capacities to hydrolyse ATP but differ greatly in their rates of production of adenosine from ATP, provide extreme examples of the relative importance of feed-forward inhibition and preferential delivery. In porcine aortic endothelial cells, the effect of feed-forward inhibition was predominant. Adenosine was only produced after a long lag when the concentrations of ATP and ADP had decreased substantially, and there was no evidence for preferential delivery of either ADP or AMP ([8] ; Scheme la). In smooth-muscle cells, preferential delivery of substrates outweighed the effect of feed-forward inhibition of 5'-nucleotidase by ADP, and adenosine was produced immediately and rapidly at all initial concentrations of ATP or ADP ( [9] ; Scheme ic). Both preferential delivery of substrate and feed-forward inhibition of 5'-nucleotidase had a significant impact on adenosine production by cardiac myocytes ([10] ; Scheme Id). Preferential delivery of substrate from the preceding reaction had less impact on delivery of AMP from ADPase to 5'-nucleotidase than it did on the delivery of ADP from ATPase to ADPase in porcine aortic smooth-muscle cells and rat cardiac myocytes ( [9, 10] ; Scheme 1). In the present study with rat coronary endothelial cells, there was no evidence for the preferential delivery of ADP from ATPase to ADPase, but AMP was preferentially delivered from ADPase to 5'-nucleotidase (Table 1 ; Scheme lb). Feedforward inhibition was also important. Interestingly the properties of the enzymes on rat heart microvascular cells, unlike those of the other three cell types, are such that adenosine is produced at a relatively constant rate from a range of initial ATP concentrations (Figure 3) .
The ATPase reaction in rat coronary endothelial cells followed pseudo-first-order kinetics, and the estimated Km values are thus very high, suggesting that the pool of substrate available to the enzyme is not in equilibrium with the bulk phase. We have previously made similar observations for both the ATPase and ADPase in ventricular myocytes [10] . With rat ventricular myocytes, we additionally demonstrated a lack ofproportionality of rate of hydrolysis of ATP to cell number, further suggesting a depletion of substrate from the microenvironment of the enzyme [10] . Possibly these enzymes are located in caveloae or pits on the cell surface, where local depletion of substrate is likely to occur (Schemes lb and ld). Pitted surfaces have been described for other cell types and may serve to concentrate low-molecularmass substances at the cell surface [29] . When ATP is released from endothelial cells rather than supplied exogenously, the outcome may be different, as the pits will result in a concentration of ATP at the cell surface. Alternatively, clusters of molecules of a single enzyme on the cell surface would also result in rapid depletion of the substrate from the immediate vicinity of the enzyme, and thus give rise to first-order kinetics. Ecto-ATPase purified from rat liver has a much lower apparent Km (100-200 1tM; [30] ). The lowest apparent Km value we observed for AMPase (20 uM; Table 1 ) is approximately that of the purified enzyme [31] . [10] , porcine aortic endothelial cells [8] and human leucocytes [32] , as would be the case if the two enzymic activities are due to separate enzymes. However, the purified (Ca2+-Mg2+)-ecto-ATPase from rat liver [33] and the ATPase from bovine aorta [34] have broad nucleotide specificity and are able to hydrolyse both ATP and ADP to a similar extent. Hydrolysis of ATP and ADP by the same enzyme would explain the very efficient hydrolysis of ADP produced from ATP in rat ventricular myocytes [10] and porcine aortic smooth-muscle cells ( [9] ; Schemes Ic and Id). However, the kinetic evidence summarized above, and the lack of preferential delivery of ADP by ATPase to ADPase in the present study and also in porcine aortic endothelial cells [8] support the hypothesis that the ATPase and ADPase activities are due to separate enzymes on endothelial cells.
In conclusion, we have examined the kinetic pattern of hydrolysis of extracellular nucleotides by ectonucleotidases on rat coronary microvascular cells, and have deduced that there are substantial differences in the organization of ectonucleotidases on these cells by comparison with other cardiovascular cells. In addition to significant contribution of surface effects to the measured kinetic constants, these cells uniquely operate to generate adenosine at a relatively constant rate when presented with a wide range of concentrations of ATP (or ADP) as the initial substrate. This may be important for the regulation of the effects of adenosine on the heart, implicated in responses to hypoxia or ischaemia [1] .
